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Ol der persons with peripheral neuropathy (PN) as a result of diabetes and other causes have a markedly increased rate of falling and fall-related injury compared with similarly aged populations without neuropathy. 1, 2 Accordingly, patients with PN have difficulty maintaining unipedal stance. 3, 4 This inability to reliably stand on one foot has been strongly correlated with impairments in frontal plane (inversion/eversion) ankle motor function 5 and proprioceptive thresholds. 6 Moreover, the markedly increased injury potential of lateral falls 7 provides further impetus for the study of ankle neuromuscular function in the frontal plane.
Other work, predominantly in young or athletic populations, suggests that ankle orthoses can improve postural stability or proprioceptive thresholds, 8 -14 although such results are not universal. [15] [16] [17] Ankle orthoses have also been found to decrease (improve) temporospatial measures of gait variability in older subjects with PN walking on an irregular surface, suggesting improved postural control during this challenging gait task. 18 Similarly, high collar shoes, compared with shoes with low collars or bare feet, have been found to improve standing balance in older women. 19 However, apart from these studies, little research has been devoted to the effects of ankle orthoses in older populations or patients with peripheral neurologic disease, and the need for study of these populations has been emphasized. 20 Therefore, we elected to study the effect of ankle orthoses on frontal plane ankle proprioceptive thresholds and unipedal stance time (UST). More specifically, we hypothesized that older persons with PN wearing ankle orthoses, which provide medial-lateral support at the ankle, would demonstrate (1) decreased (improved) frontal plane ankle proprioceptive thresholds and (2) increased UST compared with when not wearing orthoses.
MATERIALS AND METHODS Overview
Eleven older subjects with PN participated in the study. Ankle inversion and eversion proprioceptive thresholds were quantified with specialized hardware and software, and then UST was determined clinically. Odd-numbered subjects underwent these evaluations with the ankle orthoses initially and then without them, whereas evennumbered subjects were evaluated first without the orthoses. The orthoses (Active Ankle T2; Active Ankle Systems, Inc., Louisville, KY) are semicircular-shaped shells lined with foam that lie on either side of the malleoli and extend proximally over the lower leg. They are held tightly to the lower leg and ankle by hook and loop straps that wrap circum-ferentially around the leg. The shells are connected inferiorly by a sling. The biomechanical effect of the orthoses is such that extremes of ankle inversion and eversion are restricted, but ankle plantar and dorseflexion occur freely. So as to allow the subjects to accommodate to the orthoses, subjects wore them and walked in a hallway ad libitum for 5 mins before testing. In addition, at least 5 mins of rest was allowed between proprioceptive threshold testing and UST testing.
Subjects
Of the 11 subjects, 8 were men (age and body mass index of all subjects were 72 Ϯ 7.1 yrs and 30.9 Ϯ 5.0 kg/m 2 , respectively). The subjects were recruited from the University of Michigan Electrodiagnostic Laboratory and the University of Michigan Orthotics and Prosthetics Center. All procedures were approved by the Institutional Review Board, and all subjects provided written informed consent form.
Inclusion criteria for all subjects were as follows: (1) age between 50 and 85 yrs; (2) ability to speak and understand English; (3) ankle dorsiflexion strength Ն4 by manual muscle testing; and (4) ability to ambulate at least household distances without an assistive device. Subjects were excluded if they had a history of abnormal vision despite correction; weight Ͼ136 kg (300 lbs); and evidence on physical examination of central neurologic dysfunction or musculoskeletal abnormality such as severe scoliosis or amputation.
All the subjects had a known history of diabetes mellitus treated by diet, oral hypoglycemic, or insulin therapy. All the subjects reported symptoms consistent with PN; i.e., symmetrically altered sensation in the distal lower extremities that improved proximally. Most subjects reported "negative" symptoms such as a sensation of "deadness" in the distal limbs, and a few reported positive symptoms at night as well. All subjects had signs consistent with PN as determined by the examination necessary for determination of the Michigan Diabetes Neuropathy Score. 21 The Michigan Diabetes Neuropathy Score is a 0 -46 point scale, with higher score reflecting more severe diabetic PN, which correlates well with more extensive neuropathy staging scales. The scale includes muscle stretch reflexes at the biceps, triceps, patella, and Achilles; ability to perceive a pin, a 10-g monofilament, and 128-Hz tuning fork at the great toes; and strength of hand dorsal interossei, great toe extensors, and ankle dorsiflexors determined bilaterally. All subjects with PN had Michigan Diabetes Neuropathy scores of Ն9 which, in previous work, was found to be an appropriate cutoff for older persons. 22 Finally, all subjects had electrodiagnostic evidence of a diffuse PN as evidenced by abnormal sural and peroneal motor responses. These abnormal responses were obtained bilaterally, as has been suggested in the definition of PN for the purposes of clinical research. 23 Abnormal sural responses were defined as being absent, or with amplitudes of Ͻ6 V and/or latencies of Ͼ4.2 msec, stimulating 14 cm from the recording site posterior to the lateral malleolus. Peroneal motor responses were obtained by recording over the extensor digitorum brevis muscle and stimulating 9 cm proximally over the deep peroneal nerve and then distal to the fibular head. Abnormal peroneal motor responses were defined as absent or with amplitudes Ͻ2 mV, latencies Ͼ6.2 ms, and conduction velocities Ͻ41.0 m/sec.
Experimental Apparatus
A servo motor-driven foot cradle system, which we have used in previous work, 24 was created to evaluate ankle proprioceptive thresholds in the frontal plane ( Fig. 1 ). An Aerotech servo motor (Model Number: 1000DC; Aerotech, Inc., Pittsburg, PA; continuous torque capability: 80 oz-in) was connected to the foot cradle using an aircraft cable and pulley system so as to produce rotation of the cradle system. To allow for finer control of the cradle, an additional 6000-line pulse encoder was installed on the rotational axis of the cradle. The depth of the cradle was matched to the height of the subtalar axis of ankle rotation so that the axes of the two were collinear, and a raised dummy plate was placed under the contralateral foot bringing the feet to the same level. The system was controlled by a custom LabVIEW (National Instrument) program on an IBM-compatible PC platform. The LabVIEW program interfaced with a Mektronix MC-03 (Mektronics, Inc., Australia) motor controller board and National Instrument highresolution multifunction I/O board (AT-MIO-16XE-50). A PC-game joystick was installed so that the subject could provide feedback on the direction of any perceived ankle rotation to the computer. To ensure subject safety, infrared light beams were attached to each handrail to serve as emergency cut-off switches should the rails be touched. An additional emergency cut-off switch was available to the operator as well. Finally, limit switches and mechanical stops were provided that limited the range of ankle rotation to a maximum of 15 degrees of inversion or eversion beyond neutral ankle position.
Subject Protocols Determining Proprioceptive Thresholds
The subject was asked to place his/her right foot inside the cradle which was adjusted so that the subtalar joint axis was aligned as closely as possible with the rotational axis of the cradle, and with the heel and second metatarsal joint of the foot aligned with the longitudinal axis of the cradle. The left foot was placed on a fixed plate at the same height as the surface of the cradle. The subject was instructed to place half their body weight on each foot and stand without assistance, looking forward while holding a joystick in front of them at the level of the umbilicus (Fig. 1 ). When the Lab-VIEW program started to run, it provided an audible warning cue, after which the control program generated a single ankle rotation (inversion or eversion) at 5 degrees/sec or no rotation (dummy trial). The subject then pressed the joystick handle in the direction of the perceived foot rotation. Before data collection, subjects were allowed sufficient practice to confirm their understanding of the direction to push the joystick in response to the inversion and eversion stimuli. Further stimuli of randomized magnitude were then presented in a similar fashion using a staircase approach. 24 The program evaluated the proprioceptive threshold of the subject in real time so as to adjust the ankle rotation displacements by 0.1 degree increments between 0.1 and 1.0 degrees, and then by 0.5 degree increments between 1.0 and 3.0 degrees, to fit the subject's proprioceptive ability. A total of 100 trials were presented to each subject, with 40 being inversion and 40 eversion. The subject was instructed not to guess the direction of rotation and to evaluate the 20 dummy no-motion trials were randomly placed into the 100 data trials. During these dummy trials, the motor was active so that auditory clues were not available to the subject to assist in discriminating between real and dummy trials. Determining UST Subjects were instructed to maintain unipedal stance for as long as possible, and not to touch their lifted foot to the floor, or the stance limb, unless it was necessary to restore balance. The starting point for unipedal stance was lift off of the nonstance limb and the endpoint was touching the nonstance limb to the floor or the stance limb, or shifting/sliding of the stance limb. A stopwatch was used to determine the elapsed time up to a maximum of 30 secs. Subjects stood with arms crossed in front of the chest during unipedal stance testing. Given the absence of a laterality effect on UST, 25, 26 the subjects performed three trials using the right foot followed by three trials using the left foot with rest as required given between each trial. An experienced physical therapist stood near the subject, acting as a spotter in the event of an uncontrolled loss of balance.
Statistical Analyses Determining Proprioceptive Thresholds
Ankle proprioception was represented by an outcome measure, TH 75, which was defined as the smallest rotational displacement of the ankle that a subject could identify with a 75% probability of success. 27 Given the displacement protocol described above, the resolution of TH 75 was 0.1 degree for thresholds up to 1.0 degree and 0.5 degree for thresholds Ͼ1.0 degree. To find TH 75 , the data, which were assumed to have the form of the Gaussian cumulative distribution function, were filtered using weighted three-point averaging. A ceiling algorithm was then applied to transform the data into a monotonic function. Because many results showed step-wise increases in the probability graphs, with jumps from 0%-100% of success rate for successive stimuli amplitudes, a continuous regression function (probit) was used to induce greater error. The intersection at 50% success rate (TH 50 ) was identified using linear interpolation between the two points just above and below 50%. If two consecutive points shared identical probability then the next nearest point was used for the analysis. This point was assumed to be the mean of the Gaussian probability distribution function, and the slope at the point was assumed to be the standard deviation of that probability distribution function. The TH 75 was calculated from this information using a custom MATLAB (The Math Works, Cambridge, MA) program developed specifically for that purpose. Microsoft Excel and SPSS (SPSS Inc., Chicago, IL) were used for statistical processing.
Determining UST
UST was calculated as the maximum value, or the longest, of the total 6 unipedal balance trials.
Determining Condition Differences in Proprioceptive Thresholds and UST
Within subject means for proprioceptive thresholds and UST with, and without, the orthoses were compared using paired two-sided t tests. A P value Յ0.05 was considered significant. Given the relatively small number of subjects, normality could not be confirmed, and so the data were also analyzed using the Wilcoxon's signed-rank test.
RESULTS

Comparison of Proprioceptive Thresholds with and without Orthoses
The subjects demonstrated no difference in ankle proprioceptive thresholds with the ankle orthoses (1.06 Ϯ 0.56 degrees) compared with without the ankle orthoses (1.13 Ϯ 0.39 degrees) (P ϭ 0.955). A similar P ϭ 0.578 was obtained using the Wilcoxon's signed-rank test. This is further appreciated by observing plots of ankle inversion and eversion displacements against percentage of accurate responses for a given displacement. As can be seen in Figure 2 , the plots do not suggest any difference between the curve with, vs. without, the ankle orthosis. Of interest, the subjects responded to just 7% of the dummy trials, indicating that they usually did not guess when they were uncertain as to direction of rotation.
Comparison of UST with and without Orthoses
The subjects demonstrated no significant difference in UST with (6.1 Ϯ 6.5 secs) and without FIGURE 2 Accuracy of subject responses (as a percentile in the y-axis) to ankle rotational displacements (in degrees in the x-axis, with inversion ϩ and eversion Ϫ) with (circles) and without (squares) ankle orthoses. The close approximation of the response accuracy with and without the orthoses suggests that they had no effect on perception of motion. Note: The percentage refers to the mean group accuracy at a particular ankle displacement.
(6.2 Ϯ 5.4 secs) the ankle orthoses (P ϭ 0.922). A similar P value was obtained using the Wilcoxon's signed-rank test (0.765). Observing these same data in a more categorical fashion, 4 of the 11 subjects increased UST slightly (maximum of 4.5 secs) and 7 decreased UST slightly (maximum of 3.6 secs) while wearing the orthosis (Table 1 ).
DISCUSSION
The main finding of this work is that ankle orthoses that provide medial-lateral support improved neither ankle inversion/eversion proprioceptive thresholds nor UST in older persons with PN, a population with known impairments in both outcomes. This finding is likely real given that a concern with the design of this study was the inability to adequately blind subjects and examiners. This lack of blinding would be expected to provide bias in favor of the intervention; however, no positive effect was found. This absence of an effect is in contrast to other reports, which describe improvements in joint position sense and postural control in response to ankle orthoses of various types. 8 -14 There are several potential explanations for this contrast in results. The most obvious explanation is that we studied older persons with neuropathy, whereas other work studied young, predominantly healthy populations. These latter populations, even those with a history of ankle sprain, are likely to have superior residual afferent somatosensory function allowing them to take advantage of ankle orthoses in ways that our subjects with PN could not. Providing a counterpoint, however, Menz et al. 28 demonstrated that a light touch stimulus to the lower leg decreased anterior-posterior postural sway in bipedal stance in older subjects with PN similar to ours suggesting that our subjects also likely had sufficient somatosensory function to allow some improvement. Another key difference between our study and those that report improvements in proprioception or joint position sense with orthoses 9 -11,14 is that our study evaluated subjects while weight-bearing. This is likely relevant given that during gait, the cyclical activity of the ankle musculature influences muscle spindle responses instrumental in determining proprioceptive thresholds. 29 Moreover, determining proprioceptive thresholds while weight-bearing allows the inclusion of plantar cutaneous input. Other work inferred that ankle proprioceptive thresholds in the frontal plane improved because of postural changes with use of orthotic devices but did not actually measure these thresholds. 8, 12, 13 We also did not find that the orthoses had an effect on UST, again in contrast with other work that found postural improvements in association with orthotic devices. 8, [11] [12] [13] [14] A potential explanation is that our postural task, one legged balance, is more challenging than bipedal standing, 30 which was used as the outcome in one of the studies reporting that ankle orthoses positively influenced balance. 13 However, three other studies (two in young subjects with "functionally unstable" ankles and one in healthy young subjects) evaluated unipedal balance and found improvements in response to ankle orthoses. 8, 11, 14 These studies evaluated the steadiness or dynamic control of unipedal balance, rather than the ability to maintain it, indicating that the subjects likely had superior balance and distal neuromuscular function compared with our subjects. Therefore, although ankle orthoses may improve balance "quality" in younger persons, they were unable to improve unipedal balance quantity in older subjects with PN. This might be explained by the fact that older persons, compared with younger, use more of a "hip strategy" for maintaining postural control during one-legged balance. 31 This is likely even more true for older persons with PN. 32 In previous work, we found that the orthosis used in this study decreased step time and step width variability while older neuropathic subjects walked on an irregular surface. 18 The work presented here suggests that this orthotically mediated improvement in gait regularity under chal- lenging circumstances was not due to an accentuation of afferent function, at least during stance. Therefore, it seems likely that the orthoses exerted their effect by means of a modification in motor function. In support of this, modeling of a neuropathic ankle encountering a perturbation suggests that stiffening the ankle reduces postperturbation step width alteration. 33 If this occurs sequentially on an irregular surface during gait, then a reduction in gait variability would be anticipated. Alternatively, the orthoses may exert their effect by maintaining a stable ankle foot alignment during the swing phase of gait, although the importance of swing limb alignment is uncertain given other work finding that patients with PN in the community are much more likely to fall on an irregular, rather than flat, surface. 34 Determining proprioceptive thresholds are challenging, and the techniques presented had disadvantages. For example, the normal sway that occurs during quiet standing could, when in or out of phase with the direction of ankle rotation, reduce or augment the ankle rotation stimulus intensity. Testing performed in an open chain fashion, with the foot and ankle nonweight bearing, avoids this potential source of error but does so at the cost of loss of construct validity due to reduced muscle spindle activation and the absence of plantar pressure sensation, both of which are normally present during the stance phase of gait. The testing required sustained attention, which may be affected by diabetes mellitus. 35 However, other studies suggest that there is no relationship between neuropsychologic testing and PN 36 and that the influence of diabetes mellitus on cognitive function is uncertain. 37 Therefore, it seems unlikely that cognitive dysfunction significantly influenced the results, particularly given work by Ucciolli et al. that found postural stability in subjects with diabetic neuropathy to be quantitatively related to peripheral, but not central, nerve conduction study parameters. 38 Although the techniques used were quantitative, it is possible that an insufficient number of subjects was recruited. However, this seems less likely given a post hoc power analysis that found that 10 subjects would be required to identify an orthotically related proprioceptive threshold improvement of 0.5 degrees, given the standard deviation from this work, with a power of 0.80.
In summary, the data provided no evidence that ankle orthoses that provide medial-lateral support positively influence ankle inversion or eversion proprioceptive thresholds or UST in older persons with diabetic PN, a group at high risk for falls. The previously identified improvement (reduction) in gait variability in this same population when using these orthoses while walking on an irregular surface is therefore more likely related to the stiff-ening of the ankle than a change in ankle proprioceptive function.
